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A B S T R A C T
Cell cycle progression and diﬀerentiation are highly coordinated during the development of multicellular
organisms. The mechanisms by which these processes are coordinated and how their coordination contributes
to normal development are not fully understood. Here, we determine the developmental fate of a population of
precursor cells in the developing Drosophila melanogaster retina that arrest in G2 phase of the cell cycle and
investigate whether cell cycle phase-speciﬁc arrest inﬂuences the fate of these cells. We demonstrate that retinal
precursor cells that arrest in G2 during larval development are selected as sensory organ precursors (SOPs)
during pupal development and undergo two cell divisions to generate the four-cell interommatidial mechan-
osensory bristles. While G2 arrest is not required for bristle development, preventing G2 arrest results in
incorrect bristle positioning in the adult eye. We conclude that G2-arrested cells provide a positional cue during
development to ensure proper spacing of bristles in the eye. Our results suggest that the control of cell cycle
progression reﬁnes cell fate decisions and that the relationship between these two processes is not necessarily
deterministic.
1. Introduction
Proliferation and diﬀerentiation are two central processes driving
development of multicellular organisms. These processes are highly
regulated and ﬁne-tuned through numerous overlapping genetic net-
works. Furthermore, cell cycle progression and diﬀerentiation are
highly coordinated. Prior to adopting a ﬁnal diﬀerentiated fate, most
cells permanently exit the cell cycle (Ruijtenberg and van den Heuvel,
2016). Historically, terminal diﬀerentiation has been deﬁned in part by
cell cycle exit (Reiner, 1983), and cell cycle exit is often viewed as a
precursor to ﬁnal cellular diﬀerentiation.
There are a number of ways cell cycle regulators and regulators of
diﬀerentiation interact to coordinate developmental processes, both at
the level of transcriptional control and protein activity. Activating cell
cycle regulators can suppress diﬀerentiation programs to keep prolif-
erating precursor cells in an undiﬀerentiated state. For example, in
proliferating myoblasts, Cyclin/CDK complexes phosphorylate and
inactivate MyoD and Mef2, two transcription factors that drive forma-
tion of myotubes (Tintignac et al., 2000; Di Giorgio et al., 2015).
Similarly, Cyclin/CDK-dependent phosphorylation of Neurogenin3
(Ngn3) in proliferating precursor cells antagonizes the ability of
Ngn3 to stimulate diﬀerentiation of pancreatic endocrine cells
(Azzarelli et al., 2017; Krentz et al., 2017). Cell cycle inhibitors also
can promote diﬀerentiation. The retinoblastoma protein (pRb) regu-
lates the cell cycle by binding and inhibiting E2f transcription factors
that drive cell cycle progression. pRb can also bind and activate
transcription factors that promote diﬀerentiation, such as the osteo-
blast-speciﬁc transcription factor CBFA1 (Thomas et al., 2001).
Recent studies have suggested that although cell cycle exit and
diﬀerentiation often occur concurrently, cell cycle exit is not necessarily
required prior to the completion of cell diﬀerentiation, as deﬁned by
cell functionality and expression of diﬀerentiation markers. Under
normal development, diﬀerentiated hepatocytes in the mammalian
liver undergo rounds of S phase followed by either complete or
incomplete mitoses, resulting in a heterogeneous population of diploid
and polyploid cells (Anatskaya et al., 1994). During liver regeneration,
hepatocytes will re-enter the cell cycle and proliferate or undergo
endocycles (Gentric et al., 2012). Experimentally, cell cycle exit can be
blocked by genetically manipulating cell cycle regulators. Failure to
appropriately inhibit E2F and Cyclin/CDK activity in neurons in the
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developing Drosophila wing and eye results in continued proliferation
past normal stages of cell cycle exit that occurs concurrently with
expression of markers of diﬀerentiated neurons (Du et al., 1996; Firth
and Baker, 2005; Buttitta et al., 2007). Similarly, muscle cells in C.
elegans expressing ectopic Cyclin/CDK display markers of mitosis
while still contracting as functioning myocytes (Korzelius et al., 2011).
These experiments and others suggest that cell cycle progression and
diﬀerentiation are not necessarily incompatible, and there is likely a
degree of ﬂexibility depending on the tissue and cell type.
In addition to proliferation versus cell cycle exit, position in the cell
cycle can also aﬀect a cell's receptiveness to diﬀerentiation signals.
Recently, elegant experiments using human embryonic stem cells
(hESCs) that were isolated according to cell cycle phase demonstrated
that cells in G1 adopt a diﬀerentiated state more frequently than cells
in other phases of the cell cycle (Sela et al., 2012; Pauklin and Vallier,
2013). Interestingly, cells in early G1 readily diﬀerentiate into en-
doderm or mesoderm but not neuroectoderm, while cells in late G1
diﬀerentiate into neuroectoderm but not endoderm or mesoderm
(Pauklin and Vallier, 2013). These results suggest that cell cycle
regulators present in early versus late G1 may bias cells to adopt
diﬀerent lineages. Diﬀerences in chromatin accessibility during cell
cycle phases may also inﬂuence a cell's responsiveness to develop-
mental signals (Ma et al., 2015). In the Drosophila notum, genetic
manipulation of a chromatin regulator modulates the receptiveness of
bristle cells to Notch signaling during S phase (Remaud et al., 2008; Ma
et al., 2015). Whether cell cycle phase directly inﬂuences cell fate and
diﬀerentiation in vivo or is merely correlated with these processes
during development is not clear.
An excellent model for studying relationships between cell cycle
regulation and diﬀerentiation is the developing Drosophila eye (Baker,
2007; Kumar, 2010). The larval eye imaginal disc, an epithelial sheet of
cells that metamorphoses into the adult eye during pupation, under-
goes a precise pattern of cell cycle progression and diﬀerentiation
(Fig. 1A). During the ﬁrst two larval stages, cells in the primordial eye
disc undergo asynchronous cell divisions that increase the pool of
precursor cells. During the third and ﬁnal larval stage, a wave of
diﬀerentiation sweeps across the disc epithelium from posterior to
anterior. This wave is associated with apical constriction of cells
resulting in an indentation in the disc called the morphogenetic furrow
(MF) (Fig. 1A). Cells just anterior to the MF arrest in G1 phase and
remain arrested in G1 within the furrow. A subset of G1-arrested cells
subsequently begin to diﬀerentiate into ﬁve of the eight photoreceptors
that make up each ommatidium, the photoreception unit of the
compound eye (Kumar, 2012). Immediately posterior to the MF, the
remaining undiﬀerentiated cells synchronously re-enter the cell cycle.
This cell cycle is referred to as the Second Mitotic Wave (SMW) (Wolﬀ
and Ready, 1991), and the resulting synchronous wave of S-phase of
the SMW is readily visualized by EdU labeling (Fig. 1B). Following S-
phase of the SMW, cells enter G2 and the majority subsequently
undergo mitosis and become quiescent in G1 phase (Baker and Yu,
2001). Posterior to the SMW, no additional cell cycles occur within the
larval disc (Fig. 1B). Undiﬀerentiated cells will either diﬀerentiate into
the remaining photoreceptors or retinal accessory cells or will be
cleared from the retina by apoptosis during pupation, as there are more
undiﬀerentiated precursor cells in the disc than is needed to assemble
all ~800 ommatidia (Cagan and Ready, 1989). This precise and
stereotyped program of cell cycle progression and diﬀerentiation
results in the highly organized and latticed appearance of the adult
eye. Consequently, defects in regulation of cell cycle progression or
diﬀerentiation are readily apparent as disruptions to the precisely
patterned adult eye.
While numerous studies have investigated cell cycle arrest and
diﬀerentiation in the developing Drosophila eye, less attention has
been paid speciﬁcally to how cell cycle phase might aﬀect diﬀerentia-
tion. We were particularly interested in this question because Baker
and Yu previously discovered that a small subset of undiﬀerentiated
cells posterior to the MF arrest in G2 (Baker and Yu, 2001). The fate of
these cells and whether they contribute to a speciﬁc cell type in the
adult eye is not known. We hypothesized that arrest in G2 might
predispose these cells to adopt a certain cell fate or perhaps prevent
them from prematurely adopting an inappropriate cell fate. Here, we
provide evidence that these G2-arrested cells re-enter the cell cycle
during pupal development and become interommatidial mechanosen-
sory bristles, which are evenly spaced throughout the adult eye. We
propose a model in which G2 arrest predisposes cells to be selected as a
sensory organ precursor cell and thus ensures eﬃcient and precise
bristle development.
2. Materials and methods
2.1. Drosophila culture conditions and stocks
All experiments were carried out at 25° C, except heat shocks, which
were carried out at 37° C in a water bath. For experiments with staged
pupae, white prepupae were marked (counted as 0hr APF) and aged for
the appropriate number of hours. Due to the length of the white prepupal
stage (Bainbridge and Bownes, 1981), pupal ages listed may be +20 min.
Stocks used are as follows (Bloomington Stock numbers are listed where
applicable): w1118, GMR-Gal4 [w*;P{GAL4-ninaE.GMR}12] #1104,
UAS-E2fFUCCI/ UAS-CycBFUCCI [w1118; P{UASp-GFP.E2f1.1–230}
64, P{UASp-mRFP1. NLS.CycB.1-266}5] #55111, GMR-p21 [y1
w1118; P{GMR-p21. Ex}3] #8414, UAS-stg [w1118; P{UAS-stg. N}4]
#4778, CycB-GFP [y1 w*; P{PTT-GC}CycBCC01846] #51568, hs-stg,
(Edgar and O'Farrell, 1990),UAS-p35 [w*; P{UAS-p35. H}BH2] #5073,
hs-Flp, FRT19A Ubi-mRFP.nls [P{Ubi-mRFP.nls}1, w*, P{hsFLP}
12P{neoFRT}19A] #31418, FRT19A His2Av-GFP [y1 w* P{His2AvT:
Avic/GFP-S65T}1P{hsFLP}12P{neoFRT}19A/FM7a] #32045, UAS-p21
(I. Hariharan). Genotypes listed in ﬁgures as GMR-p21, GMR>p21, or
GMR> stg (except Fig. 1K) also contain UAS-FUCCI. Transgenic geno-
types described in all experiments are heterozygous, with the exception of
GMR>FUCCI alone (as in Fig. 1E) and CycB-GFP alone (as in Fig. S1A).
2.2. Immunostaining
Immunostaining of larval and pupal retinas was performed using
standard protocols (Klein, 2008). EdU staining was performed as
previously described (Meserve and Duronio, 2015). Primary antibodies:
1/1000 rabbit α-PH3 (Millipore 06–570), 1/50 mouse α-CycB
(Developmental Studies Hybridoma Bank (DSHB) F2F4), 1/1000 mouse
α-GFP (Abcam ab1218), 1/1000 rabbit α-RFP (Clontech 632496), 1/500
mouse α-Yan (DSHB 8B12H9), 1/100 rat α-ELAV (DSHB 9F8A9),
1/100 mouse α-Cut (DSHB 2B10), 1/200 guinea pig α-Sens (H. Bellen),
1/50 mouse α-Ac (DSHB anti-achaete), 1/1000 rabbit α-Dlg (DSHB
4F3). Secondary antibodies (all 1/1000): Oregon Green 488-conjugated
goat α-mouse (Invitrogen O6380), Cy3-conjugated goat α-mouse
(Jackson ImmunoResearch 115–165-003), Cy5-conjugated goat α-
mouse (Jackson ImmunoResearch 115–175-146), Alexa 488-conjugated
goat anti-rabbit (Jackson ImmunoResearch 111–545-144), Rhodamine
Red-conjugated goat α-rabbit (ThermoFisher Scientiﬁc R6394), Cy5-
conjugated goat α-rabbit (Abcam ab6564), Cy2-conjugated goat α-rat
(Jackson ImmunoResearch 112–225-143), Cy3-conjugated goat α-rat
(Jackson ImmunoResearch 112–165-143), Cy5-conjugated goat anti-rat
(Jackson ImmunoResearch 712-175-153), Cy5-conjugated donkey
α-guinea pig (Jackson ImmunoResearch 706-175-148).
2.3. Flow cytometry
Eye discs were prepared for ﬂow analysis as previously described
(de la Cruz and Edgar, 2008). Brieﬂy, eye discs from 15 to 20 larvae
were dissected in Grace's media, rinsed with 1x PBS, and dissociated in
a trypsin/Hoescht solution for ~3 h. GFP expression and DNA content
(Hoescht) were measured using a Becton Dickinson LSR II ﬂow
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Fig. 1. Assays used to detect a subset of cells in the eye imaginal disc that arrest in G2 after S phase of the SecondMitoticWave. (A) Diagram of the onset of cell diﬀerentiation duringDrosophila eye
development. Cell diﬀerentiation during eye development begins during the third larval instar stage and occurs as a wave across the eye disc represented by the morphogenetic furrow (MF), which
initiates at the posterior (P) andmoves towards the anterior (A). Cells anterior to the furrow proliferate asynchronously (blue in full disc). Cells within theMF arrest in G1 (green cells), and a subset of
these diﬀerentiate into the ﬁrst ﬁve photoreceptors (PR; gray) while the remaining undiﬀerentiated cells synchronously enter S-phase (red cells) of the second mitotic wave (SMW). The majority of
these cells then enter mitosis (M), after which they sequentially diﬀerentiate and get recruited into developing ommatidia. Some cells (orange) posterior to the MF remain in G2. Relative area of each
region is not to scale. (B-C’) w1118 control larval eye disc stained with DAPI (DNA, gray), EdU (S-phase, yellow), and anti-phospho histone H3 antibodies (PH3, mitosis, magenta). In this and
subsequent panels the white arrowhead indicates the MF and the double arrowhead indicates the SMW. (C,C’) w1118 control larval eye disc stained with anti-Cyclin B antibodies (CycB, G2/mitosis,
gray; dotted box indicates area of magniﬁcation in C’). Post-SMW cells with high levels of CycB are indicated with yellow arrowheads. (D) Diagram of the FUCCI system. GFP-E2f1-230 (E2fFUCCI) is
targeted for degradation by CRL4Cdt2 during S phase, and RFP-NLS-CycB1-266 (CycBFUCCI) is degraded by APC/C during mitosis and G1. See (Zielke et al., 2014) for additional details. (E-E’’’) GMR-
Gal4; UAS-FUCCI (GMR>FUCCI) larval eye discs express both E2fFUCCI (green) and CycBFUCCI (E,E’, magenta; E’’, gray) posterior to theMF; DAPI staining in gray (E’), dotted box indicates area of
magniﬁcation in E’’,E’’’. (F-H) GMR>FUCCI, hsp70-stg eye discs stained with anti-PH3 antibodies (F-H, cyan; F’-H’, gray) with no heat shock (F), or 60-min 37⁰C heat shock followed by 0 min (G)
or 60 min (H) rest. 60 min after heat shock, cells expressing CycBFUCCI (F-H, magenta) enter mitosis. (I) Flow cytometry histograms of relative cell number versus DNA content for dissociatedGMR
>FUCCI eye discs. Cell cycle phase peaks (G1 and G2/M) are based onmeasurements from all cells (top panel, blue). Cells expressing only E2fFUCCI have G1 DNA content (middle panel, green) while
cells expressing both E2fFUCCI and CycBFUCCI have G2 DNA content (bottom panel, yellow). n=3 individual ﬂow trials, with 30+ eye discs per trial. (J,J’) GMR>FUCCI, GMR-p21 larval eye disc
expressing E2fFUCCI (green) and CycBFUCCI (magenta) and stained with DAPI (J, gray) and EdU (yellow). No SMW is present, and all cells posterior to the MF express E2fFUCCI but do not express
CycBRFP. (K) GMR-Gal4, UAS-stg (GMR>stg) eye disc stained with DAPI (gray), EdU (yellow), and anti-PH3 (magenta). (L,L’) GMR>FUCCI, stg eye disc expressing E2fFUCCI (green) and
CycBFUCCI (L, magenta; L’, gray). Very few G2 cells (CycBFUCCI+) are present posterior to the MF. (M,M’,M’’) GMR>FUCCI eye disc stained with antibodies recognizing Yan (M, cyan; M’, gray), a
marker of undiﬀerentiated cells. Yan positive cells expressing CycBFUCCI (M, magenta; M’’, gray) are in G2. (N,N’,N’’) GMR>FUCCI eye disc stained with antibodies recognizing ELAV (cyan), a
marker of diﬀerentiated photoreceptors. CycBFUCCI cells (magenta) do not express ELAV. The Z-projection provides reference for the location of G2 cells in relation to ommatidia (N). Apical (N’) and
basal (N’’) sections are also shown, as photoreceptors and undiﬀerentiated cells reside in diﬀerent focal plans. All eye discs are from third instar larvae and are oriented with the posterior to the right.
Scale bars = 20 µM.
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cytometer. Histograms were made using FlowJo software with con-
servative gating for ﬂuorescent transgenes. Cell cycle phase percentages
were calculated by manually gating G1, S, and G2/M based on
histograms of all cells, then applying these gates to ﬂuorescent sub-
populations.
3. Results
3.1. Assays for visualizing and manipulating eye disc cells that
undergo S-phase of the SMW and remain arrested in G2 throughout
larval development
To visualize G2-arrested cells posterior to the MF in the developing
eye disc, we used immunoﬂuorescence to detect Cyclin B (CycB)
(Fig. 1C,C’) and combined FACS analysis with previously developed
Fluorescent Ubiquitylation Cell Cycle Indicators (FUCCI) (Sakaue-
Sawano et al., 2008), to identify cells in diﬀerent phases of the cell
cycle. The FUCCI system recently developed for use in Drosophila
tissues including the eye disc (Zielke et al., 2014) is comprised of two
parts: 1) a transgene expressing a functionally inert fragment of CycB
fused to RFP that is targeted for destruction during mitosis and G1 by
the Anaphase-Promoting Complex (APC/C); and 2) a transgene
expressing a functionally inert fragment of E2f1 fused to GFP that is
targeted for destruction during S phase by CRL4Cdt2. The co-expression
of these two ﬂuorescent indicators (E2fFUCCI and CycBFUCCI) allows
cytological visualization of cell cycle position (Fig. 1D). Cells expressing
both ﬂuorescent proteins are presumed to be in G2. When we express
UAS-FUCCI transgenes under control of GMR-Gal4 (GMR> FUCCI),
which drives expression posterior to the MF in the eye disc (Hay et al.,
1994), we observe E2fFUCCI and CycBFUCCI double-positive cells poster-
ior of the MF (Zielke et al., 2014). A number of these cells persist to the
posterior edge of the disc and do not undergo mitosis during larval
development (Fig. 1E-E’’’). These double positive cells enter mitosis
upon expression of hs-stg (Fig. 1F-H), as previously demonstrated for
CycB-expressing cells (Baker and Yu, 2001). Flow analysis indicates
that cells expressing both CycBFUCCI and E2fFUCCI using GMR-Gal4
have 4C DNA content, as expected of cells in G2 (Fig. 1I). We also
analyzed a line containing a GFP protein trap insertion into the
endogenous CycB locus (Buszczak et al., 2007). CycB-GFP expression
in eye discs from this line mirrors the endogenous CycB expression
pattern (compare Fig. 1C to Fig. S1A) that has been reported previously
(Thomas et al., 1994, 1997; Baker and Yu, 2001). CycB-GFP expressing
cells have 4C DNA content based on ﬂow analysis (Fig. S1B) and enter
mitosis following hs-stg expression (Fig. S1C-E). These data support an
abundance of approximately one G2 cell per ommatidium, based on
calculations of FUCCI double positive cells and ELAV staining
(Fig. 1N), similar to G2 cell numbers described previously by Baker
and Yu (2001).
Genetic manipulation of cell cycle regulators can eliminate the
population of G2 arrested cells posterior to the MF, either by prevent-
ing S phase entry in the SMW or by preventing G2 arrest posterior to
the MF. GMR-driven expression of the human CDK inhibitor, p21,
completely ablates S phase of the SMW while not aﬀecting S phases
anterior to the MF (Fig. 1J,J’; de Nooij and Hariharan, 1995).
Accordingly, no E2fFUCCI/CycBFUCCI double-positive G2 cells are
observed posterior to the MF in GMR> FUCCI, GMR-p21 eye discs
(Fig. 1J,J’). Ectopic UAS-stg expression using GMR-Gal4 bypasses the
G2 arrest, and GMR> stg eye discs have very few G2-arrested cells
posterior to the MF (Fig. 1K,L,L’), similar to the result with heat shock
expressed stg (Baker and Yu, 2001). Finally, the undiﬀerentiated G2-
arrested cells can be distinguished from photoreceptors and other
diﬀerentiated retinal cell types that arrest in G1 (Buttitta et al., 2007)
by staining GMR> FUCCI discs with a marker for undiﬀerentiated cells
(Yan) (Rohrbaugh et al., 2002) and a marker for photoreceptors
(ELAV) (Robinow and White, 1991). All the undiﬀerentiated G2-
arrested cells express Yan (Fig. 1M-M’’) but not ELAV (Fig. 1N-N’’).
We used these assays and genetic tools to determine the fate of the G2
arrested cells during pupal development.
3.2. G2 cells express markers of SOPs and divide during pupation to
produce interommatidial mechanosensory bristles
We hypothesized that these G2-arrested eye precursor cells adopt a
speciﬁc fate(s). We therefore performed a series of experiments to
follow these G2-arrested cells through pupal development and deter-
mine whether they contribute to the adult eye. During the ﬁrst ~12 h
after puparium formation (APF), the MF and SMW continue traversing
the disc. When the MF reaches the anterior of the disc and the SMW
concludes, a subset of undiﬀerentiated cells across the disc epithelium
re-enter the cell cycle and divide (Cagan and Ready, 1989). These cell
divisions begin centrally in the disc and radiate outwards, continuing
for the next 12 h of development. Cagan and Ready (1989) previously
showed that all proliferating cells which incorporate BrdU injected
during pupal development become part of the interommatidial me-
chanosensory bristles, which are positioned at three vertices of each
ommatidium and cover the adult eye (see Fig. 4A,B). These bristles are
comprised of four cells: a neuron, a glial cell, a socket cell, and a shaft
cell. Each bristle group is derived from a single precursor cell called a
sensory organ precursor (SOP) (Fig. 2A). By 24 h APF, the bristle group
divisions have concluded, and the vast majority of retinal cells arrest in
G1 based on ﬂow cytometry (Buttitta et al., 2007) and expression of
FUCCI transgenes (Fig. S2A-F’). The absence of G2 cells is not a result
of apoptosis, a common phenomenon during pupal retinal develop-
ment (Cagan and Ready, 1989), as retinas expressing the p35 caspase
inhibitor also contain very few cells expressing CycBFUCCI at 24 h APF
(Fig. S2G,G’; see Fig. S2H for retina at 48 h APF where p35 expression
results in excess numbers of cells that would normally be cleared by
apoptosis).
Previous models for mechanosensory bristle development have
presumed the SOP is arrested in G1 and undergoes two cycles of S
phase and cell division to provide the four cells for each bristle group
(Cagan and Ready, 1989). Instead, we hypothesized that retinal SOPs
are arrested in G2 and ﬁrst enter mitosis, followed by one round of S
phase and mitosis to make the four cell bristle groups. Therefore, we
predicted these G2-arrested cells undergo mitosis during the ﬁrst 24 h
of pupal development when SOP divisions occurs. By 12 h APF, we
observed S phase and mitosis throughout the disc, beginning inter-
iorly and radiating outward over the next 12 h (Fig. 2B-G’’). By 24 h
APF, the majority of divisions have ceased (Fig. 2G-G’’). Cells in G2,
marked by CycB-GFP (Fig. 2B-G’’) or CycBFUCCI expression (Fig. S2A-
F’), also progressively disappear between 12 and 24 h APF. To
determine whether the G2-arrested cells themselves undergo mitosis
and S-phase, we used the Flp/FRT system (Xu and Rubin, 1993) to
generate cell clones by mitotic recombination, which occurs between
homologous chromosomes in G2 after DNA replication. When the
FLP recombinase is induced by heat shock in third instar larval eye
discs, recombination within the posterior of the disc will only occur in
cells arrested in G2. The products of recombination will only be
observed if these G2-arrested cells divide and segregate genetically
marked homologous chromosomes (in this experiment, His2Av-GFP
and Ubi-mRFP.nls) into their daughter cells. When larvae were heat
shocked and pupal retinas were dissected at 24 h APF, we observed
four-cell clones in the posterior of the retina in which two cells
express GFP and two cells express RFP (Fig. 2H). These data indicate
that cells in G2 in larval discs divide twice during pupation (Fig. 2H’).
When we heat shocked pupae at 19 h APF and dissected retinas 10 h
later, we observed four cell clones as well as two cell clones containing
one cell expressing GFP and one cell expressing RFP (Fig. 2I). This
result is consistent with cell division of the SOPs occurring asynchro-
nously (Cagan and Ready, 1989), such that at the time of heat shock,
mitotic recombination was induced in an SOP daughter that divided
once, generating the two-cell clone (Fig. 2I’). These data indicate that
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G2-arrested cells are not eliminated from the developing retina and
undergo two rounds of mitosis during the ﬁrst 24 h of pupal
development.
Based on their morphological location and composition, we hy-
pothesized that these clones were derived from SOP cells and com-
posed the bristle groups. To test this hypothesis, we induced clones in
3rd instar larvae and subsequently stained 24 h APF retinas with
antibodies recognizing Cut, which is expressed in all cells of the bristle
group at this stage (Frankfort et al., 2004). Of the 221 clones analyzed
that were located in the posterior of the retina, 100% contained four
cells total and all expressed Cut (Fig. 3A-A’’). In contrast, clones in the
anterior marked all cell lineages as they arose in asynchronously
proliferating precursor cells anterior to the MF that have the potential
to contribute to every retinal cell type (Fig. S3A–C). Although 100% of
posteriorly located clones were Cut+, only 27% (221/809) of bristle
groups were present in marked clones. This is likely a result of mitotic
recombination not being induced in all G2-arrested cells because the
FLP recombinase is not 100% eﬃcient (Golic, 1991). This result could
also indicate that some bristle groups are derived from cells in G1. We
therefore analyzed younger pupal retinas to determine if cells in G2
Fig. 2. Cells arrested in G2 in larval eye discs divide during pupation. (A) Diagram of SOP divisions and bristle group lineage in the pupal retina. (B-G’’) CycB-GFP retinas dissected at
various times after pupal formation (APF) and stained with EdU (pink, S-phase) and anti-PH3 (blue, mitosis). Cells in G2/M express GFP (B-G’, green; B’’-G’’, gray). (H,H’) hs-Flp,
FRT19A Ubi-mRFP.nls/FRT19A His2Av-GFP retina at 24 h APF in which mitotic recombination was induced at the 3rd instar larval stage to produce GFP expressing (green) and RFP
expressing (magenta) clones in the posterior. Dotted circles indicate clones with two cells expressing GFP and two cells expressing RFP. Such four cell-clones indicate mitotic
recombination in a precursor cell that subsequently underwent two divisions (H’). (I,I’) Clones as in panel H resulting from mitotic recombination induced at 19 h APF and analyzed at
29 h APF. Two cell-clones (dashed circles) with one cell expressing GFP (green) and one cell expressing RFP (magenta) result from mitotic recombination in a precursor cell that
subsequently underwent one division (I’). Four cell-clones as in panel H are also apparent (dotted circles). Scale bars = 20 µM.
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express markers of SOPs. By 6 h APF, SOPs in wild type retinas express
Sens (Frankfort et al., 2004). We observed in CycB-GFP line that ~80%
of cells in G2 express Sens (Fig. 3B-C). The ~20% of G2-cells that do
not express Sens are always in contact with a Sens+ G2 cells (Fig. 3B)
and likely undergo developmental apoptosis (see Discussion). An equal
population of Sens-expressing cells are in G1 and express ELAV
(Fig. 3C). These are the R8 photoreceptors, which have been previously
shown to express Sens (Frankfort et al., 2004). There are also a small
number of Sens-expressing G1 cells that don’t express ELAV (Fig. 3C).
As Sens expression is typically weak in these cells, they were likely part
of the proneural cluster but not selected as SOPs, as described
previously (Frankfort et al., 2004). These data indicate that G2-
arrested cells are selected as SOPs and divide twice to become the
bristle group.
3.3. Disruption of G2 arrest disrupts bristle development
Our observations thus far raise two new questions regarding
development of interommatidial mechanosensory bristles: 1) is G2
arrest of SOPs necessary for bristle formation? and 2) are the cell
divisions of the SOP and its daughters necessary for bristle formation?
Although asymmetric divisions are important for many neuronal
lineages (Sousa-Nunes and Somers, 2013; Paridaen and Huttner,
2014) and have been demonstrated to be important for bristle
development in other tissues as well (Bellaïche et al., 2001), the bristle
cells are the only cells in the retina that are clonally derived. All other
cells in an ommatidium (for example, the four cone cells and eight
photoreceptors) are derived independently (Ready et al., 1976).
Therefore, it seemed possible that bristles could develop in the absence
of SOP divisions by recruitment of additional undiﬀerentiated cells. To
test whether cell division in the pupal retina is required for bristle
development, we blocked S phase entry by expressing p21. In GMR-
p21 ﬂies in which the SMW and bristle divisions are ablated, retinas
are missing bristles at 48 h APF (Fig. S4A; compare to control
Fig. 4A,B) and adult eyes display only 13% of the normal number of
bristles (Fig. S4A’; de Nooij and Hariharan, 1995). The striking
reduction of bristles in this genotype has previously been attributed
to a reduction in precursor cell number resulting from loss of the SMW
as other non-bristle cell types are also missing (de Nooij and
Hariharan, 1995). Indeed, GMR-p21 retinas are disorganized and
appear to be missing several cell types (Fig. S4A). However, we
hypothesized that bristle defects observed in GMR-p21 retinas are
due to disruption of SOP divisions and not merely a consequence of
reduction of precursor cell number. To test this prediction, we
expressed UAS-p21 under control of GMR-Gal4 (GMR> p21) rather
than expressing p21 directly from the GMR promoter. GMR> p21 eye
discs retain the SMW, likely due to delayed accumulation of p21 in this
genotype (Fig. S4C,C’). Therefore, GMR> p21 is predicted to disrupt
divisions of the SOP lineage during pupation without reducing
precursor cell number (Fig. S4D,D’). Retinas from GMR> p21 pupae
at 48 h APF appear relatively normal, but the majority of bristle groups
are missing and appear, based on morphology, to be replaced in the
ommatidia by tertiary pigment cells (Fig. S4B). Consequently, adults
lack most interommatidial bristles (Fig. S4B’). We conclude that SOP
divisions during pupation are required for the full complement of
bristles in the adult eye.
We next investigated whether G2 arrest preceding SOP selection is
required for bristle development. We explored this question by
expressing UAS-stg under control of GMR-Gal4 (GMR> stg), which
precociously drives G2-arrested cells into mitosis following the SMW.
Although GMR> FUCCI, stg larvae lack a G2-arrested cell population
(Fig. 1I,I’), adults of this genotype have qualitatively normal inter-
ommatidial bristles compared to control ﬂies (Fig. 4B’,C’). However, we
observe bristle placement defects in GMR> stg retinas at 48hr APF
Fig. 3. G2 arrested cells express SOP markers and divide to become the bristle groups. (A-A’’) hs-Flp, FRT19A Ubi-mRFP.nls/FRT19A His2Av-GFP retina at 24 h APF stained with
antibodies recognizing Cut (cyan) in which mitotic recombination was induced at the 3rd instar larval stage to produce GFP expressing (green) and RFP expressing (magenta) clones in
the posterior. Four cell clones (dashed circles) are Cut+. Some of the clones, including the three cells marked in the lower section of the panel, appear to have three cells because the
fourth cell is out of the focal plane. (B-B’’) CycB-GFP retinas at 8 h APF stained with antibodies recognizing Senseless/Sens (B, blue; B’’, gray); most cells expressing GFP (B, green; B’,
gray) also express Sens (arrowheads; quantiﬁed in C). Scale bars = 20 µM.
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(Fig. 4C,D). Normally, bristle groups appear at alternating vertices of
the ommatidia, with tertiary pigment cells occupying the other vertices
(Fig. 4A,B). In GMR> stg retinas, we often observe bristle groups at
neighboring vertices, missing from an ommatidium, or occurring
between two vertices (Fig. 4C). Overall, the numbers of bristles in
GMR> stg retinas are signiﬁcantly, though not drastically, reduced
(Fig. 4E). These results suggest that while G2 arrest is not essential for
bristle development, cells arrested in G2 may provide positional
information to ensure proper bristle patterning and quantity in the
retina.
We predicted that division of the SOP cell and its daughters still
occur in GMR> stg retinas prior to bristle development. To monitor
this process in GMR> stg retinas, we assessed cell cycle progression
and the appearance of SOP markers at various time points during the
ﬁrst 24 h of pupal development (Fig. 4F-K’). Although almost all cells
post-SMW arrest in G1 in GMR> FUCCI, stg larval eye discs, a subset
of these cells re-enter the cell cycle during early pupal development. By
~3 h APF, a small number of CycBFUCCI+ cells appear in the posterior
region of the eye disc (Fig. 4G,G’). CycBFUCCI+ cells increase in number
as pupal development continues, and by 12 h APF, widespread mitoses
and S phases are observed throughout the retina (Fig. 4I,I’; compare to
Fig. 2D). These data suggest that cells can re-enter the cell cycle during
pupation in the absence of a preceding G2 arrest, though this cell cycle
re-entry in GMR> stg retinas occurs earlier than in wild type. Although
cell cycle re-entry occurs prematurely, SOP selection does not appear to
occur precociously; at 0 h APF in GMR> stg retinas, no Sens-expres-
sing proneural clusters are observed (Fig. 4L,M) and no cells posterior
to the furrow express the proneural gene Achaete (Ac) (data not
shown). By 8 h APF, the proneural gene Ac is observed throughout
the retina (Fig. 4O), although expression appears somewhat lower than
in control (Fig. 4M). Cells expressing Cut appear at 15 h APF
(Fig. 4P,Q) and 24 h APF (Fig. 4R,S). Therefore, G2 arrest preceding
SOP selection is not absolutely essential for bristle development but
contributes to the normal pattern of bristles in the eye.
4. Discussion
The complex interactions between cell cycle control and diﬀerentia-
tion programs are still not fully understood, particularly when con-
sidering in vivo systems. Here, we report that G2-phase cell cycle arrest
contributes to the development of interommatidial bristles of the
compound Drosophila eye.
4.1. Coordination of cell cycle progression and diﬀerentiation in the
Drosophila eye
The Drosophila retina has long been used as a model to study both
diﬀerentiation and cell cycle progression (Wolﬀ and Ready, 1991; de
Nooij and Hariharan, 1995; Baker, 2007). Decades of research have
elucidated the many signaling pathways that underlie development of
the precisely patterned retina. These pathways often direct both cell
cycle progression and diﬀerentiation (Kumar, 2010), resulting in these
two processes being intimately linked. This relationship is apparent
during MF progression as signaling promotes cell cycle exit and
speciﬁcation of the ﬁrst photoreceptor, R8, which in turn directs
speciﬁcation of the other photoreceptors in the ﬁve-cell precluster
(Roignant and Treisman, 2009). All cells in the eye disc that do not
diﬀerentiate in the MF subsequently enter S phase of the SMW (Wolﬀ
and Ready, 1991). These cells will contribute to the remaining
photoreceptors as well as the accessory cells, i.e. cone, pigment, and
bristle cells. In the larva and early pupa, cell speciﬁcation of cone cells
and primary pigment cells is driven largely by short range signaling,
including EGFR and Notch, from diﬀerentiated cells (Treisman, 2013).
The remaining undiﬀerentiated cells will either be selected as SOPs or
will become secondary or tertiary pigment cells (Fig. 5).
Pigment cell fate is often considered a default diﬀerentiation path in
the pupal retina, as inhibiting apoptosis results in excess numbers of
secondary and tertiary pigment cells while other cell types appear in
relatively normal numbers (Hay et al., 1994; Kumar, 2012). Integration
of pigment cells into ommatidia is driven by signiﬁcant cell movement
and contacts with other retinal cells (Larson et al., 2008), which is
required to give the retina its characteristic lattice appearance. Bristle
cells, on the other hand, do not make stereotyped contacts with
diﬀerentiated cells during their early development (Cagan and Ready,
1989). Furthermore, the bristle precursor SOPs are the only retinal
cells outside the SMW to divide during pupation, and both SOP
divisions and diﬀerentiation occur radially in the retina, unlike the
posterior to anterior pattern observed for all other retinal cell types
(Cagan and Ready, 1989). What then is the distinction between
undiﬀerentiated cells that will be selected as SOPs and undergo this
unique development and undiﬀerentiated cells that diﬀerentiate into
other accessory cell types, such as the tertiary pigment cells that occupy
a seemingly equivalent position in the ommatidia? The data presented
in this paper and discussed below suggest that undiﬀerentiated cells in
the pupae are divided into G2-arrested cells, which are selected as
SOPs, and G1-arrested cells, which diﬀerentiate into pigment cells
(Fig. 5).
4.2. G2 arrest reﬁnes SOP selection
Although G1 arrest often precedes terminal diﬀerentiation during
development, arrest in G2 phase allows cells to “pause” without
committing to a speciﬁc lineage. In some instances, this “pause”
preceding mitosis is required for normal cell movement during
morphogenesis. For example, cells in the Drosophila embryo tempora-
rily arrest in G2 during mesoderm invagination, and precocious entry
into mitosis disrupts their movements (Edgar and O'Farrell, 1989;
Grosshans and Wieschaus, 2000; Mata et al., 2000; Seher and Leptin,
2000). Similarly, horizontal cell progenitors arrest in G2 as they
migrate through the developing chick retina (Boije et al., 2009). G2
arrest may also synchronize cell division with developmental signals to
properly coordinate cell cycle exit and diﬀerentiation. Our data
demonstrate that during bristle development in the Drosophila retina,
a subset of cells from the SMW arrest in G2 and become selected as
SOPs during pupation. Although precocious entry of G2-arrested cells
into mitosis does not eliminate bristles from the eye, it does disrupt
Fig. 4. Stg expression disrupts but does not block bristle development. (A) Diagram of cell types in an ommatidium visible in apical sections of the retina at 48 h APF. The morphological
organization of the ommatidium allows identiﬁcation of each cell type using membrane staining. (B,B’) Retinas from control (GMR-Gal4) ﬂies. (B) Retina at 48 h APF stained with
antibodies recognizing Dlg, which marks cells membranes. Bristles (purple arrows) are normally located at alternating vertices of the hexagonal ommatidia, generating a regular pattern
in the adult eye (B’). (C,C’) Retinas from GMR> stg ﬂies. (C) In a retina stained with anti-Dlg at 48 h APF, bristles are misplaced. Examples include bristles located at neighboring
vertices (purple arrows), absent bristles (blue asterisk), and bristles located in between two vertices (green double arrow). Bristles are visible in adult eyes (C’). (D) Quantiﬁcation of
ommatidia per retina with bristle defects (less than or more than three bristles; bristles at neighboring vertices; bristles in between two vertices). Control is GMR-Gal4/CyO. p < 0.0001;
n > 5 retinas, with > 180 ommatidia counted/retina. (E) Quantiﬁcation of average number of bristles per ommatidia for control (GMR-Gal4/CyO) and GMR> stg. p < 0.001 n > 5
retinas, with > 180 ommatidia counted/retina. (F-K’) GMR> FUCCI, stg retinas expressing E2fFUCCI (green) and CycBFUCCI (F-K,I’, magenta; F’-G’,J’,K’ gray) analyzed at the indicated
times after pupal formation (APF). (I’) Retina at 12APF stained with EdU (blue). Dotted boxes indicate areas of magniﬁcation in E’-J’. (L,M) Retinas at 0 h APF stained with anti-Sens
antibodies in (L) control and (M) GMR> stg. (N,O) Retinas at 8 h APF stained with anti-Achaete/Ac antibodies in (N) control and (O) GMR> stg. (P,Q) Retinas at 15 h APF stained with
anti-Cut antibodies in (P) control and (Q) GMR> stg. (R,S) Retinas at 24 h APF stained with anti-Sens antibodies in (R) control and (S) GMR> stg. Four cell Cut-expressing groups
(circled) are present in both genotypes; groups that appear to have less than four cells have additional cells outside the plane. Scale bars = 20 µM.
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bristle organization. This disruption in patterning may be a result of
SOPs not being properly selected within the ﬁeld of undiﬀerentiated
cells in the pupal retina. While tertiary pigment cells, which occupy
alternating vertices with bristles in the ommatidium, are properly
positioned by cell-cell contacts, bristles do not appear to make these
same cell-cell contacts (Cagan and Ready, 1989). Consequently, it is
possible that the mechanism responsible for the pattern of G2-arrested
cells during larval development is important for the ﬁnal positions of
bristles in the mature retina. If SOP divisions conclude earlier than in
wild type, as in GMR> stg retinas, precocious bristle development and
integration into the ommatidia may also aﬀect positioning. Our results
are similar to previous results in the developing Drosophila wing,
where a subset of cells in the larval wing disc arrest in G2 and are
subsequently selected as SOPs, which undergo divisions during pupal
development and become bristles of the adult wing (Phillips and
Whittle, 1993; Johnston and Edgar, 1998). Ectopic expression of Stg
in the developing wing induces G2-arrested SOPs to prematurely enter
mitosis, resulting in adult ﬂies with bristles that are reduced in
number, disorganized, and shorter than in wildtype (Nègre et al.,
2003). Similar phenotypes occur in bristles of the thorax when
progenitors precociously undergo mitosis (Ayeni et al., 2016). These
results suggest that arrest in G2 is not absolutely required for bristle
development but likely helps reﬁne the diﬀerentiation program.
What regulates G2 arrest during development? A major regulator of
the G2/M transition in Drosophila is Stg. The stg locus has a very large
and complex collection of cis-regulatory modules that are acted upon
by many transcription factors (Lehman et al., 1999; Lopes and Casares,
2015). The Stg protein is also relatively unstable (Edgar and Datar,
1996; Bernardi et al., 2000). During Drosophila development, tran-
scriptional regulation of stg typically determines whether cells arrest in
G2 and when they subsequently enter mitosis. G2 arrest in presumptive
SOPs of the wing results from Wg-dependent expression of the
transcription factors Achaete and Scute, which downregulate stg
(Johnston and Edgar, 1998). In the eye disc, Ac is not expressed at
the time in which cells arrest in G2 ((Garcia-Alonso et al., 1995) and
data not shown), and Wg signaling inhibits bristle development
(Cadigan et al., 2002). What then regulates stg expression in the
SMW? Baker and Yu (2001) demonstrated that EGF receptor signaling
is required for G2→M progression following the SMW. EGF signaling
depends on diﬀerentiation of the photoreceptor preclusters, which
secrete the EGF ligand Spitz. Cells that receive Spitz upregulate Stg,
allowing entry into mitosis. As Spitz is a short-range signal, the authors
hypothesized that cells not directly in contact with preclusters do not
receive a signal to transcribe stg and therefore remain arrested in G2.
This hypothesis is supported by the observation that roughly 1–2 cells
per ommatidium do not contact the precluster, which is similar to the
number of cells arrested in G2 (Baker and Yu, 2001). This spatially
constrained mechanism may ensure the proper number of cells at the
appropriate positions arrest in G2.
Our data support this hypothesis as inhibition of EGF signaling
results in increased numbers of G2 cells in GMR> FUCCI eye discs and
G2 cells in the posterior of eye discs lack stg mRNA (data not shown).
While we predict excess cells in G2 in Egfr mutant retinas would result
in excess bristles, EGFR signaling controls other aspects of eye
development and adult eyes are generally disrupted in these mutant
genotypes (Baker and Rubin, 1989), even with p35 expression (not
shown), precluding bristle analysis. Other mechanisms likely also
contribute to G2 arrest. For example, mutations in roughex, a
Cyclin/CDK inhibitor, result in inappropriate mitoses within the
posterior eye disc, including in photoreceptors (Ruggiero et al.,
2012). The Cyclin/CDK inhibitor Dacapo is also required for proper
cell cycle arrest following the SMW; dacapo mutants in a GMR> p35
background have drastically increased numbers of interommatidial
bristles (Sukhanova and Du, 2008). These processes likely coordinate
an arrest of the majority of cells in G1 following the SMW, while
allowing a subset to arrest in G2 and subsequently proliferate during
pupation.
How does G2 arrest inform the developmental program of sensory
organs? We hypothesize that G2 arrest may provide a cell an advantage
in being selected as an SOP. A recent model proposed by Troost et al.
(2015) suggests SOP selection in the developing notum depends on
diﬀerential expression of Extramacrochaetae (Emc) throughout the
tissue. Emc inhibits Ac and Sc, such that cells with lower levels of Emc
are more likely to be selected as SOPs. Notch activity further reﬁnes
SOP selection. However, Emc levels and Notch signaling alone cannot
explain how an SOP is selected, and the authors suggest an unknown,
“pre-selecting mechanism” drives SOP selection. Our results suggest
that G2 arrest may drive this pre-selection, ensuring properly selected
SOPs, as abolishing G2 arrest results in improperly selected SOPs,
which we infer from misplaced bristles. G2 arrest may aﬀect this
selection directly through interaction of cell cycle machinery with
proneural gene pathways. Alternatively, the mode of signaling from
preclusters may promote development into non-SOP cell types such
that cells not receiving short range signals like the EGFR ligand Spitz,
Fig. 5. Model of interommatidial development. As the larva develops, the MF initiates cell cycle synchronization by promoting G1 arrest in all cells. These cells will subsequently take
one of three paths: 1) arrest permanently in G1 and undergo diﬀerentiation into photoreceptors R2/3/4/5/8 (PR); 2) undergo S phase of the SMW, followed by mitosis, permanent
arrest in G1, and diﬀerentiation into photoreceptors R1/7/6 and accessory cells (Acc. Cell; i.e. cone cells and pigment cells); 3) undergo S phase of the SMW and arrest in G2 for the
remainder of larval development, followed by selection as an SOP during pupal development and two divisions to make up the four G1-arrested cells of the bristle. Prematurely driving
cells through mitosis, such as with GMR> stg (gray box), does not prevent SOP selection and bristle diﬀerentiation (dotted lines). Diﬀerential timing of SOP divisions between wild type
and GMR> stg (not shown in this model) may contribute to bristle positioning defects observed in GMR> stg adult eyes.
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which drives cells through mitosis (Baker and Yu, 2001), will both
arrest in G2 and be predisposed to become SOPs. In this model, Emc
levels and Notch signaling may be suﬃcient for SOP selection in a ﬁeld
of cells in which no cells are arrested in G2 (as in the GMR> stg
retinas), although ﬁnal bristle placement will not be precise. Further
research is required to investigate this model and what factors may
predispose G2-arrested cells to adopt an SOP fate.
G2 arrest likely also ensures the proper number of cell divisions of
the SOP lineage. In both the thorax (Ayeni et al., 2016) and the eye
(Fig. 4G), driving G2-arrested cells precociously through mitosis
results in premature pupal divisions. G2 arrest may ensure that SOP
selection and mitotic entry are coordinated. To induce cell cycle re-
entry in Drosophila, Stg and Cyclin E are upregulated by develop-
mental signals to control the G2/M and G1/S transitions, respectively
(Swanhart et al., 2005). SOPs in the notum transition rapidly from
mitosis into S phase without an intervening G1 phase due to high levels
of accumulated Cyclin E (Audibert et al., 2005). In the absence of G2
arrest, high levels of Cyclin E may drive selected SOPs prematurely into
S phase, as in our GMR> stg experiments. G2-arrested cells may be
induced to enter mitosis at a speciﬁc point in development by coupling
Stg expression with levels of the hormone ecdysone. In abdominal
histoblasts, a pulse of ecdysone during pupation induces stg transcrip-
tion and subsequent entry into mitosis (Ninov et al., 2009).
Developmental signals such as ecdysone may trigger upregulation of
Cyclin E and Stg in undiﬀerentiated cells, thereby allowing coordina-
tion of SOP selection and subsequent cell cycle re-entry.
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